Summary
Background: Soluble mediators in platelet concentrates (PCs) released from contaminating white blood cells (WBCs) and platelets (PLTs) themselves are supposed to promote allergic and non-hemolytic febrile transfusion reactions in the recipient. Pathogen reduction technologies (PRTs) prevent replication and proliferation of pathogens as well as of WBCs, and may reduce cytokine accumulation in PCs during storage and prevent adverse events after PLT transfusion. On the other hand, such treatments may also lead to increased cytokine production by stimulation of WBCs or PLTs due to the photochemical or photodynamical process itself. Material and Methods: 12 triple-dose PLT apheresis collections were leukoreduced by the process-controlled leukoreduction system of the Trima Accel machine and split into 3 units undergoing Mirasol-PRT treatment (M) or gamma irradiation (X) or remaining untreated (C). During storage for up to 7 days, PLT activation, WBC-derived Th-1/2, and inflammatory as well as PLT-derived cytokines were measured by cytometric bead array and enzymelinked immunosorbent assay, respectively. Results: Independent of treatment, all PLT products exhibited low levels of WBC-associated cytokines near or below assay detection limits. WBC-associated cytokines were not elevated by Mirasol-PRT treatment. PLT-derived cytokines were detected at higher levels and increased significantly during storage in all units. Most likely due to higher PLT activation, M units showed significantly higher levels of PLT-derived cytokines compared to untreated and gamma-irradiated units on day 5 of storage. Conclusion: In all PCs, PLTs themselves were the main source of cytokine release. Mirasol-PRT treatment was associated with a significantly increased PLT activation and accumulation of PLT-derived cytokines during storage, without affecting WBC-derived cytokines relative to controls. 
Schlüsselwörter

Introduction
White blood cell (WBC)-and platelet (PLT)-derived soluble mediators in PLT concentrates (PCs) are involved in adverse events after PLT transfusion [1] [2] [3] [4] and have been shown to be elevated in clinical conditions that are associated with increased thrombotic risk [5] . Plasma removal [1, 2] and prestorage leukoreduction [6] [7] [8] lower the frequency of febrile non-hemolytic reactions after PLT transfusion, whereas the incidence of allergic reactions has not been altered after the introduction of WBC reduction [6, 8] , which highlights the role of PLT-derived cytokines. Some of these cytokines, particularly CCL5 (RANTES), have previously been reported to be involved in non-hemolytic, allergic, or pro-inflammatory transfusion reactions of leukoreduced products due to their ability to attract and stimulate human eosinophils and to induce histamine release from human basophils [1] [2] [3] [9] [10] [11] [12] [13] .
Pathogen reduction technologies (PRTs) such as the Mirasol-PRT system using riboflavin (vitamin B 2 ) in combination with ultraviolet (UV) light (Caridian BCT Biotechnologies, Lakewood, CO, USA) induce nucleic acid damage. This treatment affects all DNA-and RNA-containing organisms and cells (i.e. WBCs) and thus may impair new synthesis of soluble mediators [14, 15] . The fact that human PLTs contain mRNA and mitochondrial DNA involved in respiration as well as in cytokine synthesis [16, 17] raises the question of whether or not PRT may lower cytokine release in stored PCs [18] . This study evaluates WBC-derived Th-1/2 (IL-2, IL-4, IL-5, IL-10, TNF, IFN-γ) and inflammatory cytokines (IL-6, IL-8, IL-1β, IL-12p70) as well as PLT-associated cytokines (CCL3 = macrophage inflammatory peptide MIP-1α, CCL5 = RANTES, CXCL4 = PLT factor 4, TGF-β1 = transforming growth factor beta 1) and compares results obtained from Mirasol-PRTtreated PCs to gamma-irradiated and untreated control PCs from the same donors.
Material and Methods
Preparation and Storage of PLT Concentrates
After passing eligibility criteria based on German [19] and European [20] requirements for PLT donation, a total of 12 triple-dose collections were performed using the Trima Accel apheresis collection device, vs. 5.0 (Caridian BCT Biotechnologies). Acid citrate dextrose with adenine (ACD-A) was used as anticoagulant for all collections. The collection targets per procedure were at least 8.5 × 10
11 PLTs in at least 510 ml autologous plasma to facilitate the division into 3 aliquots (bags). The whole collection units averaged 713.6 ± 13 ml and 1,267 ± 117 × 10 9 PLTs/l (corresponding to a mean collection dose of 9.0 × 10 11 ) and were kept undisturbed for 2 h at ambient temperature prior to splitting and subsequent processing to allow dissociation of any PLT aggregates. All units were leukodepleted by the process-controlled leukoreduction system and suspended in autologous plasma without addition of PLT additive solution (PAS). Immediately after splitting, single units were treated with Mirasol-PRT (M), remained untreated (C), or were exposed to 30-Gy gamma irradiation (X). In order to ensure comparable storage conditions for all units, the 1-L ELP TM bag (extended Life Platelet, Caridian BCT Biotechnologies) was used for all 3 types of PLT concentrates (C, M, X). All 36 single units were stored for an additional 7 days at 22 ± 2 °C on a flatbed agitator (Helmer Laboratories, Noblesville, IN, USA) running at 50-60 agitations per minute.
Treatment with the MIRASOL-PRT System
Mirasol-PRT treatment was performed as previously described [21] [22] [23] [24] immediately after splitting, on the day of collection (defined as day 0).
Sampling
Day-0 samples were taken prior to apheresis from each donor by direct venipuncture. Additional samples were taken aseptically from each storage bag on days 1 (to examine the immediate effects of PRT treatment), 5, and 7 (to examine longer-term effects). Except for the analysis of PLT count, lactate dehydrogenase (LDH) release and p-selectin expression (immediate analysis), all samples were centrifuged (see below) and the supernatants frozen at -70 °C until analysis by ELISA (PLT-derived cytokines) or cytometric bead array (WBC-derived cytokine). Analyses were completed within 6 h after thawing.
Laboratory Methods
Total PLT counts were determined using an automated electronic particle counter (Sysmex K1000, Sysmex, Hamburg, Germany). Culturing using the BacTec ® System (BD Biosciences, San Jose, CA, USA), residual WBCs and RBCs, LDH release, and p-selectin expression were performed as described previously [25] . Samples for cytokine analysis were centrifuged at 1,000 × g for 30 min at room temperature and the supernatants were frozen at -70 °C. Commercially available ELISA kits were used according to the manufacturers' instructions (R and D Systems Inc., Abington, UK, for analysis of CCL3 (MIP-1α), CCL5 (RANTES), TGF-β1; Hyphen BioMed, Neuville-sur-Oise, France, for analysis of CXCL4 (PLT factor 4)). Detection limits ranged from 2 to 100 pg/ml. WBC-associated cytokines were analyzed by flow cytometry using cytometric bead arrays (Human Inflammation and Th2/Th2 cytokine kits, BD Biosciences). Assay sensitivities ranged from 1.9 pg/ml (IL-12p70) to 7.2 pg/ml (IL-1β).
Statistical Analysis
The results are expressed as mean ± one standard deviation. Statistical analysis was conducted comparing all 3 types of units with the KruskalWallis test (SPSS 15.0 for Windows, SPSS Software GmbH, Munich, Germany). In the case of significant differences (p < 0.05), post-hoc paired comparisons were made with the Mann-Whitney-U-test. Here, according to Bonferroni, a p value < 0.017 was related to a significance level of 5%.
Results
Apheresis Characteristics
Apheresis procedures were well tolerated by all study subjects. All unit cultures were negative after 16 days of incubation under aerobic and anaerobic conditions. Contaminating WBCs and RBCs averaged mean values of 0.46 ± 0.47 × 10 6 and 0.81 ± 0.17 × 10 9 per unit, respectively (table 1) . Unit volumes and PLT doses recorded immediately after splitting ranged from 228.7 ml to 245.9 ml and from 2.3 × 10 11 to 3.6 × 10 11 , without proving statistical significance between the study groups.
Storage-Related Evolution of PLT Count, LDH Release, and PLT Activation
The addition of riboflavin (27.0 ± 3.5 ml) to M units increased the PC volume and lowered the PLT concentration (× 10 9 /l) compared to untreated and gamma-irradiated controls on day 1 (table 1) . No difference in volume reduction rates was observed, confirming that equal volumes were removed by sampling in all units. Moreover, calculating total PLT dose (× 10 11 /unit) from PLT concentration (× 10 9 /l) and PC volume (ml), no significant differences were observed between M units and their counterparts (C, X), suggesting that PRT treatment did not induce relevant cell loss. Initial LDH levels were lower in M units compared to controls, most likely due to the dilution effect after riboflavin addition. LDH release increased moderately during storage in all units. No significant changes in LDH release were observed compared to untreated or irradiated units, suggesting that PRT treatment did not induce cell lysis. The percentage of PLTs expressing p-selectin on their surface increased progressively throughout storage in all types of units. After PRT treatment (day 1) and throughout storage, p-selectin expression in M units was significantly higher than in untreated and gamma-irradiated units.
Cytokine Accumulation during Storage
Levels of Th-1/2 and inflammatory WBC-derived cytokines were close to or below detection limits in all PCs throughout 7 days of storage (table 2) . Overall, the levels of these cytokines were not elevated by Mirasol-PRT treatment (figs. 1, 2). Unlike WBC-related cytokines, high levels of PLT-derived cytokines were detected in supernatants of all stored PCs independent of treatment (table 2). Because of lower PLT concentration (× 10 9 /l) after riboflavin addition and Mirasol-PRT treatment, the measured total cytokine concentration was corrected for PLT number at the time of sampling. Except for MIP-1α, all PLT-derived cytokines examined increased during storage and appeared to reach a plateau after 5-7 days. After Mirasol-PRT treatment, accumulation of PLT-derived cytokines during storage was significantly higher compared to untreated and gammairradiated control units ( fig. 3) . No significant differences in the overall or corrected accumulation rate of IL-1 and IL-8 released from both WBCs and PLTs [26, 27] was detected between Mirasol-PRT-treated and untreated/gamma units ( fig. 4) . 
Discussion
To evaluate whether nucleic acid-targeting PRT, like the Mirasol-PRT treatment, can reduce non-hemolytic and allergic transfusion reactions by reducing cytokine accumulation in PCs, we investigated the accumulation of several WBC-and PLT-derived cytokines during 7 days of storage in Mirasol-PRT-treated PLTs compared to untreated and gamma-irradiated units. The results obtained demonstrated alterations of PLT-but not of WBC-derived cytokines by Mirasol-PRT treatment and complemented a previous study investigating the effects of a psoralen-based PRT treatment (Intercept Blood System, Cerus Corp., Concorde, CA, USA) [13] . As previously described [13, 28] , a low WBC content obtained by prestorage leukoreduction was associated with low levels of WBC-derived cytokines, also reported for buffy coat-derived PCs [29] . Mirasol-PRT was not associated with an increase or further decrease of WBC-derived cytokines throughout storage even for IL-1 and IL-8 derived from both, WBCs and PLTs [26, 27] . This was in contrast to previously described respective data for psoralen-treated PLTs [13] demonstrating a significant increase of these cytokines during storage. However, technical differences cannot be entirely excluded as the source of this. The levels of PLT-derived cytokines measured in our study are comparable to previous findings reporting wide ranges, especially for CXCL4 (PLT factor 4) [3, [29] [30] [31] [32] [33] [34] [35] . As reported previously, neither prestorage leukoreduction nor PRT treatment or gamma irradiation could prevent the accumulation of TGF-β1, CCL5 (RANTES), and CXCL4 (PLT factor 4) [13, 33] . Compared to untreated or gamma-irradiated PCs, Mirasol-PRT treatment led to a significant elevation of soluble PLT-derived mediators. Cytokine accumulation in the supernatant of PCs results from PLT destruction and/or PLT activation leading to degranulation of PLT α granules and cytokine de novo synthesis [27] . The latter, however, requires optimal function of essential cell components like mitochondria and intact mRNA to serve as template for synthesis. Knowing that p-selectin is stored in the PLT α granules together with PLTassociated cytokines and growth factors, the levels of p-selectin can be expected to mirror the levels of cytokines released. The indicators for cell integrity, PLT count, and LDH release remained comparable between treated and untreated/gammairradiated units of our study indicating that the increased accumulation of PLT-derived cytokines after Mirasol-PRT treatment resulted mainly from PRT-induced PLT activation (as seen from the higher p-selectin expression of M units) rather than PLT destruction. Additionally, the role of the storage medium used must also be taken into account when discussing cell lysis parameters. Studies comparing PAS III to 100% plasma, the storage medium of our study, showed higher levels of CCL5 (RANTES), CXCL4 (PLT factor 4), TGF-β1, and PLT activation markers when PLTs were stored in PAS III [31, 35] or PAS II [36] rather than 100% plasma, indicating that suspension in 100% plasma protects PLTs from lysis. WBC-associated cytokines (Th-1/2) IL-2, pg/ml IL-4, pg/ml IL-5, pg/ml IL-10, pg/ml TNF, pg/ml IFN-γ, pg/ml 4.37 ± Although it is well established that the frequency of febrile non-hemolytic transfusion reactions is reduced by prestorage leukoreduction, other transfusion reactions, predominantly allergic, still occur frequently [6] [7] [8] . Thus, PLT-derived soluble factors, rather than WBC-derived mediators, may be involved in adverse events after PLT transfusion. RANTES levels associated with allergic reactions have been reported to range from approximately 200 to 1,000 ng/ml with a median of 650 ng/ml [3] . RANTES levels detected in Mirasol-PRT-treated Fig. 1 . WBC-derived Th-1/2 cytokine concentrations during 7 days of storage. The measured cytokine levels remained close to assay detection limits and donor-related baselines (day-0 values) throughout 7 days of storage in all kinds of units. IFN-γ showed a slight storage-related decrease but remained consistent in stored M units. After 7 days of storage, IL-4, TNF, and IFN-γ were slightly but significantly elevated in M units relative to untreated controls. a Mirasol-PRT treatment, b remaining untreated controls, or c gamma irradiation. Fig. 2 . WBC-derived inflammatory cytokine concentrations during 7 days of storage. As observed with Th-1/2 cytokines, the measured cytokine levels remained close to detection limits and donor-related baselines (day 0 values) throughout 7 days of storage. Only IL-8 exhibited a storage-related increase in all kind of units, slightly less pronounced in gamma-irradiated units. During storage, significant differences were not observed for any inflammatory cytokine, except for IL-12p70 which was slightly but significantly elevated in M units relative to gamma-irradiated units at day 5 of storage. a Mirasol-PRT treatment, b remaining untreated controls, or c gamma irradiation. Cytokine Accumulation after Mirasol-PRT Treatment 119 units were elevated (median of 360 ng/ml for 5-days-stored PLTs) compared to untreated control units (median of 195 ng/ml), but within a range where the risk of inducing an allergic transfusion reaction may be low. Mean levels of RANTES reported for 7-day-stored psoralen-treated PLTs (470-500 ng/ ml) [13] were well within the range of 300-670 ng/ml observed in our study for 7-day-stored riboflavin-treated PLTs. Accordingly, the overall adverse event rate obtained in clinical trials on psoralen-treated PLTs was not significantly different from untreated units [37, 38] reinforcing the above mentioned observation.
In agreement with Apelseth et al. [13] , we conclude that PLTs are the main source of soluble mediators accumulated in leukoreduced PCs. WBC-associated cytokines could be detected at very low levels and did not increase during storage. Independent of treatment, relatively high concentrations of PLT-derived cytokines accumulated during storage reaching a plateau after 5-7 days. Like other PRT methods, treatment with riboflavin in combination with UV light appeared to increase the accumulation of PLT-derived cytokines, most likely due to accelerated PLT activation. Since the impact of PLT-derived chemokines such as CCL5 (RANTES) as major mediators of transfusion reactions is conflicting, more appropriate clinical studies on different PRTs are highly desirable to outline the role of PLT-derived mediators or plasma reduction and the frequency of adverse events after PLT transfusion.
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